Introduction
============

Type 2 diabetes is a chronic, progressive disease in which hyperglycemia occurs due to an imbalance between the body's need for insulin and its ability to produce it. The progressive nature of the disease results from a continuing deterioration in pancreatic β-cell function and development of hyperglycemia.[@b1-ijgm-6-877]--[@b3-ijgm-6-877] The first step in the deterioration of glucose homeostasis is the loss of postprandial glycemic control, which is followed by a progression to morning hyperglycemia and eventually to sustained nocturnal hyperglycemia.[@b4-ijgm-6-877]--[@b6-ijgm-6-877] Impaired glucose tolerance is considered a prediabetic stage, and it may occur years before elevated fasting plasma glucose (FPG) levels are observed.[@b7-ijgm-6-877] It is defined as 2-hour postprandial plasma glucose (PPG) levels between 140 and 199 mg/dL following a 75 g oral glucose tolerance test.[@b6-ijgm-6-877],[@b8-ijgm-6-877] Postprandial hyperglycemia can be the rate-limiting factor for achieving optimal glycemic control.[@b9-ijgm-6-877]

There is also evidence suggesting that postprandial hyperglycemia may be an independent risk factor for cardiovascular disease, stroke, retinopathy, renal failure, and neurologic complications in both diabetic and nondiabetic individuals.[@b4-ijgm-6-877],[@b10-ijgm-6-877]--[@b13-ijgm-6-877] One of the proposed mechanisms of diabetic vascular disease is the observed increase in oxidative stress that occurs following consumption of meals that produce a high level of glycemia.[@b14-ijgm-6-877],[@b15-ijgm-6-877] This oxidative stress has been shown to induce endothelial dysfunction and increase inflammation, vasoconstriction, and carotid intima-media thickness.[@b7-ijgm-6-877],[@b13-ijgm-6-877],[@b16-ijgm-6-877]

PPG control is important not only for regulating glycemia, but also because reducing postprandial hyperglycemia may mitigate cardiovascular risks. To achieve optimal glycemic control, the consensus statement of the American Diabetes Association (ADA) and the European Association for the Study of Diabetes (EASD) recommends a patient-centered approach to incorporate individual factors such as lifestyle, cost, motivation, and need to lose weight.[@b17-ijgm-6-877] Further, the most recent guidelines from the International Diabetes Federation recognize the importance of PPG control in mitigating cardiovascular risks and include strategies for cardiovascular risk reduction as a major focus of therapy.[@b18-ijgm-6-877]

Two noninsulin classes of drugs that have shown significant clinical benefits by predominantly reducing PPG excursions and lowering glycated hemoglobin (HbA~1c~) are glucagon-like peptide-1 (GLP-1) derivatives (eg, the US Food and Drug Administration \[FDA\]-approved drugs liraglutide, exenatide, and exenatide long-acting release \[LAR\]; and the investigational drugs albiglutide and lixisenatide) and dipeptidyl peptidase-4 (DPP-4) inhibitors (eg, the FDA-approved sitagliptin, saxagliptin, and linagliptin).[@b10-ijgm-6-877],[@b19-ijgm-6-877] The purpose of this paper is to review the pathogenesis of postprandial hyperglycemia, the mechanisms by which GLP-1 receptor agonists and DPP-4 inhibitors reduce PPG concentrations, and the results of recent clinical trials that have evaluated the effects of GLP-1 receptor agonists and DPP-4 inhibitors (the newest class to become available) on PPG levels, specifically as monotherapy versus placebo or as add-on therapy to metformin, a sulfonylurea, or insulin.

Pathogenesis of postprandial hyperglycemia
==========================================

In nondiabetic individuals, pancreatic β-cells increase the release of insulin in response to food consumption and release a relatively constant level of insulin during the fasting state. After food ingestion, an increase in plasma glucose levels and a release of insulin inhibit glucagon secretion; together, these suppress glucagon release into the circulation by the liver and kidneys and promote glucose uptake in various tissues.

In people with postprandial hyperglycemia, early insulin release after food ingestion is decreased and there is less reduction in glucagon secretion, resulting in inappropriate glucose production in the liver and kidneys and inefficient glucose uptake, and consequently, increased PPG levels.[@b20-ijgm-6-877],[@b21-ijgm-6-877] The overall amount of ingested glucose absorbed by the body does not change.[@b20-ijgm-6-877],[@b22-ijgm-6-877] Mass action effects of hyperglycemia normalize the absolute amount of PPG taken up by tissues. However, there is decreased tissue glucose clearance and glucose oxidation, with increased nonoxidative glycolysis, glycogen cycling, and glucose uptake in alternative tissues throughout the body.[@b20-ijgm-6-877],[@b23-ijgm-6-877] The net result is that more glucose (endogenous + ingested) enters the circulation at a faster rate than the body can remove it, resulting in prolonged elevations of plasma glucose.[@b20-ijgm-6-877]--[@b22-ijgm-6-877]

Several studies demonstrate that management of PPG is important for achieving glycemic control. Monnier et al assessed the relative importance of postprandial and fasting hyperglycemia on overall glycemic control in 290 patients (139 male/151 female; mean age ± standard deviation 60±1 years) and found that postprandial hyperglycemia was responsible for approximately 70% of daylong hyperglycemia in patients with HbA~1c~ levels below 7.3%, compared with approximately 40% in patients with HbA~1c~ levels of 9.3% or higher.[@b24-ijgm-6-877] Similarly, Woerle et al found that in 164 patients (90 male/74 female; mean age 62±1 years), over 80% of HbA~1c~ was due to postprandial hyperglycemia in patients with HbA~1c~ levels below 6.2%, whereas only about 40% of HbA~1c~ was due to postprandial hyperglycemia in patients with HbA~1c~ levels \>8.9%.[@b9-ijgm-6-877] In an analysis of 1,699 patients (58% male/42% female; mean age 59±9 years) from six clinical trials in which patients with HbA~1c~ levels \>7.0% taking oral therapy received treatment intensification, Riddle et al found that the effect of targeting PPG became more important in patients who were unable to achieve glycemic control after basal insulin therapy.[@b25-ijgm-6-877] In this study, the relative contribution of FPG to HbA~1c~ was in the range of 76%--80% at baseline but decreased to 31.5%--41% after 24--28 weeks of treatment with basal insulin therapy.

In the early stages of prediabetes and diabetes, the deleterious effects of an imbalance between impaired insulin secretion and insulin resistance are more apparent in the postprandial state than in the fasting state ([Figure 1](#f1-ijgm-6-877){ref-type="fig"}).[@b4-ijgm-6-877] PPG levels increase earlier and faster than FPG levels because more insulin is needed after meals than in the fasting state in order to maintain glucose homeostasis. In addition, most PPG metabolism occurs via insulin-sensitive pathways; however, in the fasting state most glucose disposal is not dependent on insulin. Often by the time diabetes is diagnosed based on elevated FPG levels, β-cell function has decreased by approximately 50%.[@b4-ijgm-6-877],[@b26-ijgm-6-877]

Hyperglycemia-induced oxidative stress has been proposed as the biological mechanism to explain the putative link between postprandial hyperglycemia and cardiovascular disease[@b7-ijgm-6-877],[@b13-ijgm-6-877],[@b27-ijgm-6-877]--[@b30-ijgm-6-877] ([Figure 2](#f2-ijgm-6-877){ref-type="fig"}).[@b31-ijgm-6-877] Hyperglycemia is associated with an increase in mitochondrial superoxide production, which is accompanied by an increase in the production of nitric oxide resulting from uncoupling of endothelial nitric oxide synthase and inducible nitric oxide synthase.[@b27-ijgm-6-877] Overproduction of superoxide leads to production of other reactive oxygen species, including the strong oxidant peroxynitrite, which causes oxidative damage to DNA.[@b29-ijgm-6-877] Peroxynitrite-induced DNA damage causes activation of the nuclear enzyme poly(adenosine diphosphate-ribose) polymerase, which induces a series of cellular responses that ultimately result in acute vascular endothelial dysfunction.[@b29-ijgm-6-877] Vascular endothelial dysfunction has been recognized as a key step in the early development of cardiovascular disease.[@b28-ijgm-6-877] Endothelial dysfunction results in an impairment of endothelium-dependent vasodilation, as well as an increase in proinflammatory, procoagulatory, and proliferative responses, all of which are associated with the development of atherosclerosis.[@b29-ijgm-6-877]

The possible association between PPG control and reduction in adverse cardiovascular outcomes remains controversial. It has been observed that pharmacologic strategies that target PPG to slow the progression of type 2 diabetes have reduced cardiovascular morbidity and mortality. Compared with regular insulin, the fast-acting insulin aspart lowered postprandial hyperglycemia and also preserved flow-mediated vasodilation, which is lowered in the postprandial state in diabetic patients.[@b32-ijgm-6-877] In a study of 175 drug-naive patients (93 male/82 female; age range 35--70 years) with type 2 diabetes, patients treated with the insulin secretagogue repaglinide experienced a greater regression of carotid intima-media thickness compared with patients treated with glyburide, another secretagogue associated with a lower efficacy in reducing postprandial hyperglycemia.[@b33-ijgm-6-877] In this study, carotid intima-media thickness regression was shown to be associated with changes in postprandial but not fasting hyperglycemia.

However, other pharmacologic agents used to lower PPG showed no significant improvement in cardiovascular outcomes. In contrast with the results found with repaglinide,[@b33-ijgm-6-877] the incidence of cardiovascular events on treatment with another insulin secretagogue, nateglinide (4,645 patients, 2,277 male/2,368 female; mean age 64±7 years) was not significantly different from placebo (4,661 patients, 2,318 male/2,343 female; mean age 64±7 years) in a patient population with impaired glucose tolerance and established cardiovascular disease or cardiovascular risk factors in the NAVIGATOR (Nateglinide and Valsartan in Impaired Glucose Tolerance Outcomes Research) study.[@b34-ijgm-6-877] While nateglinide has been shown to significantly lower PPG compared with placebo,[@b35-ijgm-6-877] post-meal glucose was higher in the nateglinide arm compared with placebo for up to 5 years post follow-up in the NAVIGATOR study.[@b34-ijgm-6-877] In the HEART2D (Hyperglycemia and Its Effect After Acute Myocardial Infarction on Cardiovascular Outcomes in Patients With Type 2 Diabetes Mellitus) study, the risk of a first primary cardiovascular event in patients with type 2 diabetes after acute myocardial infarction was not significantly different for patients treated with prandial insulin (557 patients, 356 male/201 female; mean age 61±10 years) compared with basal insulin (558 patients, 350 male/208 female; mean age 61±10 years); this trial was stopped for lack of efficacy.[@b36-ijgm-6-877] The HEART2D study may have been underpowered to detect differences in cardiovascular effects due to a low rate of cardiovascular events in the basal and prandial treatment arms. The study also reported low efficacy with respect to PPG (the predetermined difference of 2.5 mmol/L in postprandial hyperglycemia between treatment groups was not reached \[mean difference at the end of the study: 0.8 mmol/L\]).[@b37-ijgm-6-877]

Thus, prevention of the progression of diabetes and possibly further reduction of the risk of cardiovascular disease by treating postprandial hyperglycemia may not be straightforward with some agents and may be dependent on the extent of reduction of PPG.

It is important for clinicians to monitor and treat postprandial hyperglycemia in order to achieve optimal glycemic control. In patients who do not achieve their glycemic goals with oral agents that mainly affect fasting hyperglycemia (eg, metformin, sulfonylureas, and thiazolidinediones) and basal insulin, further titration of basal insulin or the addition of prandial insulin may result in unwanted consequences, such as hypoglycemia and weight gain.[@b38-ijgm-6-877] The addition of other complementary interventions, such as GLP-1 receptor agonists or DPP-4 inhibitors, to basal insulin therapy may improve glycemic control while avoiding the side effects of weight gain and hypoglycemia that may be associated with higher doses of insulin therapy.[@b38-ijgm-6-877],[@b39-ijgm-6-877]

Role of incretins in glycemic regulation
========================================

The intestinal incretin hormones GLP-1 and glucose-dependent insulinotropic polypeptide (GIP) are released during absorption of meals and stimulate pancreatic β-cells to secrete insulin.[@b40-ijgm-6-877],[@b41-ijgm-6-877] It is estimated that GLP-1 and GIP are responsible for 50%--70% of postprandial insulin release.[@b42-ijgm-6-877] In addition, GLP-1 suppresses inappropriate glucagon secretion by pancreatic α-cells, and at pharmacologic doses, delays gastric emptying by inhibiting gastroduodenal motility. The delay in gastric emptying caused by GLP-1 is associated with an increase in satiety and reduced food intake.[@b40-ijgm-6-877],[@b43-ijgm-6-877],[@b44-ijgm-6-877] Both GLP-1 and GIP are rapidly broken down by DPP-4 after secretion.[@b45-ijgm-6-877]

In animal models and in some experiments using isolated human islets, GLP-1 has also been shown to stimulate proliferation and differentiation of pancreatic β cells and to inhibit β-cell apoptosis.[@b46-ijgm-6-877],[@b47-ijgm-6-877] Thus, it has been postulated that incretin-based therapies may increase β-cell mass in patients with type 2 diabetes.[@b43-ijgm-6-877]

PPG-lowering effects of GLP-1 receptor agonists and DPP-4 inhibitors
====================================================================

Mechanistic and clinical data for the GLP-1 receptor agonists and DPP-4 inhibitors in reducing PPG are discussed herein, with recent clinical trial results summarized in [Tables 1](#t1-ijgm-6-877){ref-type="table"}--[4](#t4-ijgm-6-877){ref-type="table"}. Regarding the clinical trial data, searches of the US National Library of Medicine [PubMed.gov](PubMed.gov) database were conducted in October 2012 for each of the various agents (approved and investigational), focusing on English-language reports of randomized controlled trials published since 2008 as monotherapy (placebo-controlled trials only) or as add-on therapy to metformin, a sulfonylurea, or insulin therapy (placebo-controlled or active-controlled; of note, trials evaluating their use as initial combination therapy, rather than add-on therapy, are not covered here). The full text of identified articles was reviewed to identify those that reported on PPG outcomes ([Tables 1](#t1-ijgm-6-877){ref-type="table"}--[4](#t4-ijgm-6-877){ref-type="table"}). Selected data available in meeting abstract form were also considered.

GLP-1 receptor agonists
=======================

Endogenous GLP-1 is impractical as a therapeutic agent for type 2 diabetes because it is rapidly broken down by DPP-4;[@b41-ijgm-6-877] however, several synthetic DPP-4-resistant GLP-1 analogs have been developed.[@b40-ijgm-6-877],[@b41-ijgm-6-877],[@b43-ijgm-6-877] These GLP-1 receptor agonists have the same actions as endogenous GLP-1.[@b48-ijgm-6-877] For patients with type 2 diabetes who have not responded to treatment with monotherapy or combination therapy using sulfonylureas or metformin, GLP-1 receptor agonists may have similar efficacy to that of insulin in lowering HbA~1c~ levels, without weight gain or hypoglycemia.[@b49-ijgm-6-877]

The 2012 ADA/EASD position statement for the management of hyperglycemia in patients with type 2 diabetes mellitus indicates that GLP-1 agonists may be considered at multiple points throughout treatment.[@b17-ijgm-6-877] This is in contrast with the earlier 2009 ADA/EASD consensus algorithm, which indicated that GLP-1 agonists be considered as add-on therapy for patients who fail initial treatment with metformin and lifestyle interventions alone.[@b50-ijgm-6-877],[@b51-ijgm-6-877] In the 2012 ADA/EASD position statement,[@b17-ijgm-6-877] GLP-1 receptor agonists can be considered as initial drug monotherapy when metformin cannot be used and weight loss is seen as an essential part of therapy, as add-on to metformin after considering starting HbA~1c,~ and as part of several three-drug or four-drug combinations that exclude DPP-4 inhibitors (eg, combination of metformin and a GLP-1 receptor agonist with a sulfonylurea or thiazolidinedione with or without basal insulin). At all points, the risk of hypoglycemia and other side effects, the importance of weight loss, and costs are considered on an individual basis.

There are currently three GLP-1 analogs, ie, exenatide (Byetta®; Amylin Pharmaceuticals Inc, San Diego, CA, USA),[@b52-ijgm-6-877] a long-acting release formulation of exenatide, exenatide LAR (Bydureon®; Amylin Pharmaceuticals Inc, San Diego, CA, USA),[@b53-ijgm-6-877] and liraglutide (Victoza®; Novo Nordisk A/S, Bagsvaerd, Denmark[@b54-ijgm-6-877]), that are approved in the US for the treatment of type 2 diabetes.[@b55-ijgm-6-877]

Exenatide is a synthetic incretin mimetic that has 53% homology with endogenous human GLP-1;[@b56-ijgm-6-877] because it is resistant to degradation by DPP-4; however, exenatide has a longer circulating half-life than endogenous GLP-1. Exenatide binds to GLP-1 receptors on pancreatic β-cells and augments glucose-mediated insulin secretion.[@b43-ijgm-6-877],[@b50-ijgm-6-877] Cervera et al studied the mechanism of action by which exenatide (12 patients, nine male/three female; mean age 44±2 years) reduces PPG concentration and found that by decreasing endogenous (mostly hepatic) glucose production by approximately 50% and by delaying gastric emptying, exenatide significantly reduces postprandial hyperglycemia.[@b57-ijgm-6-877] Approximately one third of the reduction in postprandial hyperglycemia was due to delayed gastric emptying and enhanced splanchnic glucose uptake.[@b57-ijgm-6-877] Another one third of the reduction was due to inhibition of glucagon secretion, and one third was due to stimulation of insulin secretion in pancreatic β-cells.[@b57-ijgm-6-877] Gastrointestinal side effects are relatively common with exenatide; 30%--45% of patients experience one or more episodes of nausea, vomiting, or diarrhea; however, these side effects usually lessen over time.[@b50-ijgm-6-877]

Recent clinical trial publications have described the activity of exenatide in reducing PPG as monotherapy ([Table 1](#t1-ijgm-6-877){ref-type="table"}[@b58-ijgm-6-877],[@b59-ijgm-6-877]) or as add-on therapy to metformin ([Table 2](#t2-ijgm-6-877){ref-type="table"}[@b60-ijgm-6-877]--[@b63-ijgm-6-877]) or insulin ([Table 4](#t4-ijgm-6-877){ref-type="table"}[@b64-ijgm-6-877]). Pooled data from clinical trials of exenatide as add-on therapy with metformin and/or sulfo-nylurea show that exenatide injected twice daily reduces mean PPG concentrations compared with placebo ([Table 2](#t2-ijgm-6-877){ref-type="table"}). When twice-daily injections of exenatide were added to basal insulin (insulin glargine) alone or in combination with metformin and/or pioglitazone, patients with type 2 diabetes had improved glycemic control compared with placebo. HbA~1c~ decreased by 1.74% with exenatide versus 1.04% with placebo (*P*\<0.001), and morning and evening 2-hour postprandial excursions were significantly reduced (both *P*\<0.001), without increases in hypoglycemia or weight gain.[@b64-ijgm-6-877] However, addition of exenatide increased the incidence of nausea, diarrhea, vomiting, and headache, and a higher percentage of patients in the exenatide group (9%) withdrew from the study because of adverse events than in the placebo group (1%).[@b64-ijgm-6-877]

In the extended-release formulation of exenatide (exenatide LAR), exenatide is encapsulated in polymer-based microspheres that are injected on a once-weekly basis; these microspheres slowly degrade over time, releasing exenatide in a slow, controlled manner over the course of a week.[@b51-ijgm-6-877],[@b53-ijgm-6-877] In a study by Drucker et al (DURATION-1), exenatide LAR 2 mg once weekly (148 patients, 82 male/66 female; mean age 55±10 years) was compared with exenatide 10 μg twice daily (147 patients, 75 male/72 female; mean age 55±10 years) in a randomized, open-label, noninferiority trial.[@b65-ijgm-6-877] In the DURATION-1 study, a higher percentage of patients who received exenatide once a week (77%) achieved HbA~1c~ values of 7% or less than patients who received exenatide twice daily (61%; *P*=0.0039) after 30 weeks of treatment. Compared with exenatide 10 μg twice daily, exenatide LAR 2 mg once weekly resulted in significantly greater reductions in HbA~1c~ (−1.9% versus −1.5%, *P*=0.0023) without increasing the risk of hypoglycemia and provided similar weight loss benefits; however, exenatide twice daily was associated with significantly greater reductions in 2-hour PPG from baseline to week 14 compared with exenatide LAR (−125.96 mg/dL versus −95.88 mg/dL; *P*=0.0124).[@b65-ijgm-6-877] Results from the DURATION-5 study confirm the findings from DURATION-1, showing that exenatide LAR once weekly (129 patients, 77 male/52 female; mean age 56±11 years) was associated with significantly greater reductions in HbA~1c~ compared with exenatide twice daily (123 patients, 68 male/55 female; mean age 55±10 years) over 24 weeks of treatment (−1.6% versus −0.9%, *P*\<0.0001); however, PPG was not measured in DURATION-5.[@b66-ijgm-6-877] Overall, there were six DURATION studies that all had similar outcomes, showing that exenatide once weekly resulted in significant improvements in glycemic control with no increased risk of hypoglycemia.[@b65-ijgm-6-877]--[@b70-ijgm-6-877]

Liraglutide is a nonprandial (long-acting) GLP-1 receptor agonist showing 97% sequence homology with human GLP-1,[@b71-ijgm-6-877] with recent clinical trial data supporting its efficacy in reducing PPG as monotherapy ([Table 1](#t1-ijgm-6-877){ref-type="table"}[@b72-ijgm-6-877]--[@b74-ijgm-6-877]) or as add-on therapy to a sulfonylurea ([Table 3](#t3-ijgm-6-877){ref-type="table"}[@b75-ijgm-6-877],[@b76-ijgm-6-877]). A study by Garber et al (Liraglutide versus glimepiride monotherapy for type 2 diabetes \[LEAD-3\]) comparing liraglutide 1.2 mg (251 patients, 117 male/134 female; mean age 54±11 years) and liraglutide 1.8 mg (247 patients, 121 male/126 female; mean age 52±11 years) versus glimepiride 8.0 mg (248 patients, 133 male/115 female; mean age 53±11 years) monotherapy in 746 patients with type 2 diabetes who were either drug-naïve or treated with oral antidiabetic drugs found that liraglutide resulted in significantly greater reductions in mean HbA~1c~ (liraglutide 1.2 mg, 0.84% \[*P*\<0.0001\]; liraglutide 1.8 mg, 1.14% \[*P*=0.0014\]) compared with glimepiride 8.0 mg (0.51%).[@b74-ijgm-6-877] Additionally, compared with glimepiride, patients treated with liraglutide had significantly greater reductions in FPG (1.2 mg, *P*=0.027; 1.8 mg, *P*=0.0001) and PPG (1.8 mg, *P*=0.0038) levels.[@b74-ijgm-6-877] In a study by Buse et al (LEAD-6) evaluating 464 patients with type 2 diabetes who were inadequately controlled with metformin, sulfonylurea, or a combination of the two, the addition of once-daily liraglutide (233 patients, 114 male/119 female; mean age 56±10 years) resulted in significantly greater reductions in mean HbA~1c~ (−1.12% versus −0.79%; *P*\<0.0001) and mean FPG (−1.61 mmol/L versus −0.60 mmol/L; *P*\<0.0001) than the addition of twice-daily exenatide (231 patients, 127 male/104 female; mean age 57±11 years).[@b76-ijgm-6-877] In con trast, treatment with twice-daily exenatide resulted in significantly greater reductions in mean PPG after breakfast and dinner (*P*≤0.0005 for both comparisons).[@b76-ijgm-6-877] Similar to exenatide, the most common adverse events associated with liraglutide are gastrointestinal disorders, including nausea, vomiting, and diarrhea.[@b71-ijgm-6-877],[@b76-ijgm-6-877] Liraglutide treatment was associated with increased rates of thyroid medullary carcinoma in preclinical toxicology studies,[@b77-ijgm-6-877] and liraglutide therapy is contraindicated in patients with a personal or family history of thyroid medullary cancer.[@b54-ijgm-6-877]

Several additional GLP-1 analogs are in development, including lixisenatide and albiglutide, which are discussed below. The GLP-1 analog taspoglutide, for which clinical development was discontinued in 2010, will not be discussed.

Lixisenatide
------------

Lixisenatide once daily is a highly potent and selective prandial (short-acting) GLP-1 receptor agonist that is currently in development for the treatment of type 2 diabetes, and was recently (February 2013) granted marketing authorization by the European Medicines Agency. In preclinical studies, the binding affinity of lixisenatide for the GLP-1 receptor was approximately four times stronger than that of human GLP-1. In preclinical pharmacology studies, lixisenatide has been shown to: protect pancreatic β-cells from apoptosis; improve glucose-stimulated pancreatic insulin secretion; preserve pancreatic responsiveness, insulin mRNA expression, and β-cell mass; improve oral glucose tolerance; delay gastric emptying; and decrease overall food intake. All of these actions suggest that lixisenatide has the potential to markedly improve glucose homeostasis and slow the progression of type 2 diabetes.[@b78-ijgm-6-877]

A dose-ranging study evaluated the efficacy and safety of lixisenatide as add-on therapy in 542 patients with type 2 diabetes inadequately controlled with metformin; once-daily lixisenatide significantly reduced mean 2-hour PPG compared with placebo (*P*\<0.05 for all doses tested) over 13 weeks of treatment ([Table 2](#t2-ijgm-6-877){ref-type="table"}). In addition, patients treated with lixisenatide 20 μg once daily experienced significant reductions from baseline in body weight, and more than two thirds of patients achieved the target HbA~1c~ level of \<7%, with an optimal risk-benefit ratio versus other doses and regimens.[@b79-ijgm-6-877]

The GetGoal Phase III clinical development program has evaluated the efficacy and safety of once-daily lixisenatide across the disease spectrum: as monotherapy in patients insufficiently controlled despite diet and exercise (GetGoal-Mono), to those treated with one or two other oral antidiabetic agents (GetGoal-M, GetGoal-S, and GetGoal-P), to the insulin-naïve patients (GetGoal Duo-1), as well as in patients on an established insulin regimen (GetGoal-L and GetGoal-L-Asia). In this program, lixisenatide has consistently demonstrated significant reductions in HbA~1c~ (by 0.32%--0.88% versus placebo) and PPG levels, and has been shown to have a beneficial effect on weight as well as tolerability profiles commonly characterized by adverse events of mild transient nausea and vomiting.[@b80-ijgm-6-877]--[@b87-ijgm-6-877]

As monotherapy in the GetGoal-Mono study, both HbA~1c~ and 2-hour PPG levels decreased significantly (*P*\<0.001) over the 12-week course of treatment with lixisenatide compared with placebo ([Table 1](#t1-ijgm-6-877){ref-type="table"}), and significant improvements in FPG compared with placebo were observed for both doses of lixisenatide (two-step titration of 10/15/20 μg once daily and one-step titration of 10/20 μg once daily).[@b84-ijgm-6-877] Similar improvements in HbA~1c~ and PPG levels were demonstrated for lixisenatide in patients whose type 2 diabetes was insufficiently controlled while on metformin in the GetGoal-M study and on a sulfonylurea with or without metformin in the GetGoal-S study.[@b86-ijgm-6-877],[@b87-ijgm-6-877] In the GetGoal-P study, addition of once-daily lixisenatide in patients with type 2 diabetes poorly controlled with pioglitazone with or without metformin resulted in significantly greater reductions in HbA~1c~, and a significantly higher percentage of patients achieved an HbA~1c~ \<7.0% (52% versus 26%; *P*\<0.0001).[@b81-ijgm-6-877]

Evaluation of lixisenatide as add-on in patients suboptimally controlled on basal insulin with or without metformin in the GetGoal-L study and with sulfonylurea in the GetGoal-L-Asia study showed that lixisenatide significantly reduced HbA~1c~ and 2-hour PPG compared with placebo ([Table 4](#t4-ijgm-6-877){ref-type="table"}). Lixisenatide also had favorable effects on body weight (least-squares mean difference versus placebo for GetGoal-L, −1.28 kg \[*P*\<0.001\] and for GetGoal-L-Asia, −0.43 kg \[*P*=0.0857\]).[@b80-ijgm-6-877],[@b85-ijgm-6-877] Similarly, in the GetGoal-Duo 1 study (898 patients, 466 male/432 female; mean age 56±10 years), once-daily lixisenatide added to consistently titrated insulin glargine plus metformin with or without a thiazolidinedione significantly improved HbA~1c~ and 2-hour PPG compared with placebo, with significant weight reduction (least-squares mean difference versus placebo, −0.89 kg; *P*=0.0012) and a significantly higher percentage of patients achieving HbA~1c~ \<7.0% (lixisenatide, 56%; placebo, 39%; *P*=0.0001).[@b82-ijgm-6-877]

Albiglutide
-----------

Albiglutide is a GLP-1 receptor agonist that consists of a DPP-4-resistant GLP-1 dimer fused to recombinant human albumin.[@b88-ijgm-6-877] Albiglutide has a half-life of approximately 5 days, which may allow for weekly or less frequent dosing.[@b89-ijgm-6-877] Albiglutide does not cross the blood-brain barrier in a GLP-1 receptor-independent manner as does native GLP-1[@b90-ijgm-6-877],[@b91-ijgm-6-877] and the smaller GLP-1 analogs exenatide[@b92-ijgm-6-877] and liraglutide,[@b93-ijgm-6-877] which may improve its gastrointestinal tolerability.[@b89-ijgm-6-877],[@b94-ijgm-6-877]

In a randomized, single-blind, dose-escalation study in patients with type 2 diabetes (n=54), albiglutide consistently reduced FPG and PPG concentrations in a dose-dependent manner ([Table 1](#t1-ijgm-6-877){ref-type="table"}). The safety profile of albiglutide was similar to that of placebo. Headache and nausea were the most frequently reported adverse events.[@b88-ijgm-6-877] In a separate randomized, double-blind, placebo-controlled, and active-controlled study, significant reductions were observed in mean HbA~1c~ levels compared with placebo in patients who received albiglutide 30 mg weekly, 50 mg biweekly, or 100 mg monthly (all *P*\<0.05); reductions in mean HbA~1c~ levels with these doses of albiglutide were approximately 25%--30% greater than those observed with twice-daily exenatide.[@b89-ijgm-6-877] In addition, patients who received albiglutide lost an average of 1.1--1.6 kg; weight loss on albiglutide treatment was numerically higher than on placebo (average weight loss, 0.7 kg) but numerically lower than on exenatide treatment (average weight loss, 2.4 kg).[@b89-ijgm-6-877]

Results from the HARMONY 6 and 7 trials for albiglutide were recently reported.[@b95-ijgm-6-877]--[@b97-ijgm-6-877] In HARMONY 6, albiglutide demonstrated noninferiority to preprandial insulin lispro as add-on treatment to insulin glargine, with clinically significant reductions in HbA~1c~ from baseline (−0.82% versus −0.66%) concomitant with weight loss compared with baseline (−0.73 kg versus +0.81 kg) after 26 weeks of treatment.[@b95-ijgm-6-877] Patients who completed 52 weeks of treatment in HARMONY 6 had further reductions in HbA~1c~ from baseline (−1.01% versus −0.84%), with sustained weight changes.[@b97-ijgm-6-877] In the 32-week HARMONY 7 trial, albiglutide demonstrated a significant reduction in HbA~1c~ from baseline but did not meet the endpoint of noninferiority compared with liraglutide (−0.78% versus −0.99%).[@b96-ijgm-6-877] Albiglutide also resulted in a smaller difference in weight loss (−0.64 kg versus −2.2 kg), but with fewer gastrointestinal adverse events.

Comparison of the GLP-1 analogs
===============================

The prandial GLP-1 analogs (twice-daily exenatide and once-daily lixisenatide) lower HbA~1c~ primarily by targeting PPG, while the nonprandial GLP-1 analogs (liraglutide, exenatide LAR, and albiglutide) primarily target FPG.[@b65-ijgm-6-877],[@b76-ijgm-6-877],[@b84-ijgm-6-877],[@b87-ijgm-6-877],[@b89-ijgm-6-877],[@b98-ijgm-6-877] Exenatide LAR 2 mg once weekly had a greater effect on FPG (least-squares mean \[standard error\] for exenatide LAR, −2.3 \[0.2\] mmol/L; for exenatide twice daily, −1.4 \[0.2\] mmol/L) and a lesser effect on PPG (least-squares mean \[standard error\] for exenatide LAR, −5.3 \[0.5\] mmol/L; for exenatide twice daily, −6.9 mmol/L) compared with exenatide 10 μg twice daily after 30 weeks of treatment.[@b65-ijgm-6-877] In a 26-week, direct-comparison trial with exenatide and liraglutide, exenatide had a higher effect on PPG reduction (estimated treatment difference: 1.33 mmol/L, breakfast, *P*\<0.0001; 1.01 mmol/L, dinner, *P*\<0.0005), while liraglutide had a larger effect on FPG reduction (estimated treatment difference, −1.01 mmol/L, *P*\<0.0001).[@b76-ijgm-6-877] The once-daily prandial lixisenatide, which primarily targets PPG, has consistently provided significant improvements in glycemic control as well as reductions in body weight when administered as monotherapy,[@b84-ijgm-6-877] as add-on treatment to metformin[@b99-ijgm-6-877] or sulfonylurea ± metformin,[@b86-ijgm-6-877] and as add-on therapy to insulin ± metformin.[@b85-ijgm-6-877] Results from one study showed that the glycemic effects of lixisenatide were superior to those of liraglutide.[@b100-ijgm-6-877] In this study, 2-hour PPG levels \<140 mg/dL were reported by a higher percentage of patients who received lixisenatide (69%) than liraglutide (29%), and lixisenatide treatment resulted in a significantly greater decrease in post-meal glucagon than liraglutide (*P*=0.032).[@b100-ijgm-6-877] Further, efficacy results from the GetGoal-L[@b80-ijgm-6-877] and GetGoal-Duo 1[@b82-ijgm-6-877] studies support the clinical rationale for combination of lixisenatide with basal insulin to improve glycemic control by reducing both PPG and FPG.

The gastric emptying effect of GLP-1, which lowers PPG, has been shown to decrease after chronic administration (tachyphylaxis) of intravenous GLP-1 in healthy human subjects.[@b101-ijgm-6-877] An area that remains to be investigated is whether tachyphylaxis occurs with GLP-1 analogs and if the long-term efficacy in reducing PPG varies for different GLP-1 analogs due to different dosing regimens and/or duration of action. If confirmed, the tachyphylaxis hypothesis could partially explain the differential effects of GLP-1 receptor agonists on FPG and PPG.

DPP-4 inhibitors
================

DPP-4 inhibitors decrease the metabolism of GLP-1 and GIP through inhibition of the DPP-4 enzyme, which under normal physiologic conditions cleaves the two end-terminal amino acids of GLP-1 and GIP to rapidly inactivate these hormones.[@b102-ijgm-6-877] By prolonging the action of GLP-1, DPP-4 inhibitors improve both α-cell and β-cell responsiveness to glucose.[@b103-ijgm-6-877] Inhibition of DPP-4 increases prandial insulin secretion and suppresses glucagon secretion, thereby decreasing hepatic glucose production and improving peripheral glucose uptake, which decreases PPG in patients with type 2 diabetes.[@b55-ijgm-6-877],[@b102-ijgm-6-877],[@b104-ijgm-6-877] For DPP-4 inhibitors to be effective, some residual insulin secretion must remain.[@b7-ijgm-6-877] The DPP-4 inhibitors that are currently approved or in development for the treatment of type 2 diabetes all have convenient oral dosing, along with a low risk of hypoglycemia and weight gain.[@b41-ijgm-6-877],[@b55-ijgm-6-877],[@b103-ijgm-6-877] Similar to GLP-1 agonists, the ADA/EASD 2012 position statement on diabetes treatment recommendations includes DPP-4 inhibitors as an option for add-on therapy in patients who fail to reach their glycemic targets with metformin.[@b17-ijgm-6-877]

Three DPP-4 inhibitors, sitagliptin (Januvia®; Merck and Co, Inc, Whitehouse Station, NJ, USA), saxagliptin (Onglyza®; Bristol-Myers Squibb, New York, NY, USA), and linagliptin (Tradjenta®; Boehringer Ingelheim Pharmaceuticals Inc, Ridgefield, CT, and Eli Lilly and Company, Indianapolis, IN, USA) are approved in the US as oral antidi-abetic therapies;[@b105-ijgm-6-877]--[@b107-ijgm-6-877] other agents in clinical development are discussed individually below.

Linagliptin, the newest of these agents, is a potent and selective xanthine-based DPP-4 inhibitor with a long duration of action; more than 80% inhibition of DPP-4 is still present 24 hours after dosing. Across a number of recently published placebo-controlled trials, the PPG-lowering effects of each of the three approved agents as monotherapy ([Table 1](#t1-ijgm-6-877){ref-type="table"})[@b108-ijgm-6-877]--[@b110-ijgm-6-877] or as add-on therapy to metformin ([Table 2](#t2-ijgm-6-877){ref-type="table"})[@b111-ijgm-6-877]--[@b114-ijgm-6-877] have been described, with additional data available for saxagliptin as add-on therapy to a sulfonylurea ([Table 3](#t3-ijgm-6-877){ref-type="table"})[@b115-ijgm-6-877],[@b116-ijgm-6-877] and insulin with or without metformin ([Table 4](#t4-ijgm-6-877){ref-type="table"});[@b117-ijgm-6-877],[@b118-ijgm-6-877] sitagliptin as add-on therapy to insulin or the combination of insulin plus metformin ([Table 4](#t4-ijgm-6-877){ref-type="table"}),[@b119-ijgm-6-877] and linagliptin as add-on therapy to basal insulin.[@b120-ijgm-6-877] Sitagliptin, saxagliptin, and linagliptin have neutral effects on weight, do not cause hypoglycemia (although risk is increased when used as add-on therapy to a sulfonylurea or \[for sitagliptin\] with insulin), and are not associated with the gastrointestinal adverse event profiles characteristic of the GLP-1 receptor agonists.[@b105-ijgm-6-877]--[@b107-ijgm-6-877] However, there have been postmarketing reports of pancreatitis and severe allergic or hypersensitivity reactions with both sitagliptin and saxagliptin. While results of recent clinical trials involving DPP-4 inhibitors indicate that they effectively reduce HbA~1c~ levels and improve pancreatic β-cell function, long-term data assessing the sustainability of glycemic control provided by these agents are not yet available.[@b103-ijgm-6-877]

Vildagliptin
------------

Vildagliptin (Galvus®; Novartis AG, Basel, Switzerland) is approved in Europe and in several other countries worldwide for the treatment of type 2 diabetes; however, the FDA has requested additional cardiovascular safety data in order for vildagliptin to gain approval in the US. In June 2008, Novartis indicated that resubmission of a New Drug Application was not planned in order to meet FDA requirements.[@b121-ijgm-6-877]

Despite the fact that vildagliptin will probably not be marketed in the US, recently published clinical trial results indicate that vildagliptin is well tolerated and effectively reduces PPG levels as add-on therapy to metformin ([Table 2](#t2-ijgm-6-877){ref-type="table"}),[@b122-ijgm-6-877] a sulfonylurea ([Table 3](#t3-ijgm-6-877){ref-type="table"}),[@b123-ijgm-6-877],[@b124-ijgm-6-877] or insulin with or without metformin.[@b125-ijgm-6-877]

Alogliptin
----------

Alogliptin is a potent and highly selective DPP-4 inhibitor currently being developed by Takeda Pharmaceutical Company Ltd (Osaka, Japan). Takeda submitted a New Drug Application for alogliptin to the FDA in January 2008; however, in June 2009, the FDA requested additional cardiovascular safety data for alogliptin. A clinical cardiovascular outcomes trial of alogliptin is currently recruiting patients (ClinicalTrials.gov identifier NCT00968708).[@b103-ijgm-6-877]

Compared with sitagliptin, saxagliptin, and vildagliptin, alogliptin has higher selectivity for DPP-4 versus the dipeptidases DPP-8 and DPP-9. This is notable because inhibition of DPP-8 and DPP-9 has been shown to decrease human T-cell activation in vitro and cause multiple organ toxicity in dogs and rats.[@b103-ijgm-6-877]

In a randomized, placebo-controlled study, significant decreases were observed in mean 4-hour PPG levels over 14 days of treatment with three different doses of once-daily alogliptin compared with placebo ([Table 1](#t1-ijgm-6-877){ref-type="table"}). Alogliptin was well tolerated; the most commonly reported adverse events were headache, dizziness, and constipation.[@b126-ijgm-6-877] In a separate 12-week, randomized, double-blind, placebo-controlled, and active-controlled study of once-daily alogliptin 6.25 mg, 12.5 mg, 25 mg, or 50 mg, significantly larger decreases in PPG (based on the area under the concentration-time curve from 0 to 2 hours \[AUC~0--2h~\]) were observed from baseline to week 12 with all four doses of alogliptin compared with placebo ([Table 1](#t1-ijgm-6-877){ref-type="table"}).[@b127-ijgm-6-877]

Dutogliptin
-----------

Dutogliptin is a potent and selective DPP-4 inhibitor with high solubility in water and low cell permeability. Dutogliptin does not bind extensively with plasma proteins. Maximum absorption of dutogliptin occurs within 3--4 hours of dosing, and dutogliptin has a half-life of 10--13 hours. In a randomized, placebo-controlled study, reductions in 2-hour PPG were significantly greater with once-daily dutogliptin than with placebo ([Table 1](#t1-ijgm-6-877){ref-type="table"}). Dutogliptin was weight-neutral, with a safety profile similar to that of placebo. Across all treatment groups, the most commonly reported adverse events in this study were urinary tract infection (4.3%), diarrhea (3.6%), upper respiratory tract infection (3.6%), and headache (3.3%).[@b128-ijgm-6-877]

Comparison of DPP-4 inhibitors and GLP-1 receptor agonists
----------------------------------------------------------

The DPP-4 inhibitor and GLP-1 receptor agonist classes differ in their food and digestive effects and other clinical aspects, including the extent to which they reduce HbA~1c~, PPG, and body weight ([Figure 3](#f3-ijgm-6-877){ref-type="fig"}).[@b129-ijgm-6-877] GLP-1 agonists have shown a greater effect in lowering HbA~1c~ (−0.4% to −1.9%) compared with DPP-4 inhibitors (−0.4% to −0.9%[@b65-ijgm-6-877],[@b129-ijgm-6-877]). The clinically relevant impact of such differences on the relative PPG-lowering effects of DPP-4 inhibitors versus GLP-1 receptor agonists has not been extensively addressed. A double-blind, randomized, double-dummy, crossover study[@b130-ijgm-6-877] compared the effects of the GLP-1 analog exenatide (5 μg twice daily during week 1, 10 μg twice daily during week 2) versus the DPP-4 inhibitor sitagliptin (100 mg every morning for 2 weeks) on 2-hour PPG, insulin and glucagon secretion, gastric emptying, and caloric intake in patients with type 2 diabetes (n=61, 28 male/33 female; mean age 54±9 years). Although this study was limited by a 2-week duration of exposure to each medication, the results showed that the GLP-1 analog reduced 2-hour PPG concentration significantly more than the DPP-4 inhibitor (2-hour PPG concentration at week 2, 133±6 mg/dL versus 208±6 mg/dL; *P*\<0.0001). Acute β-cell function, assessed using the insulinogenic index and insulin secretion rate, improved significantly more following treatment with the GLP-1 analog compared with the DPP-4 inhibitor. In addition, treatment with the GLP-1 receptor agonist was associated with significantly greater reductions in postprandial glucagon secretion, postprandial triglycerides, and caloric intake compared with the DPP-4 inhibitor. Gastric emptying was also delayed to a greater extent with the GLP-1 receptor agonist compared with the DPP-4 inhibitor.[@b130-ijgm-6-877]

Modest improvements in cardiovascular risk factors such as blood pressure and lipid levels have been reported in patients treated with either DPP-4 inhibitors or GLP-1 receptor agonists.[@b131-ijgm-6-877] Recently published pooled analyses of randomized controlled trials in patients with type 2 diabetes mellitus have confirmed a cardioprotective effect for two GLP-1 agonists, ie, exenatide 10 μg twice daily[@b132-ijgm-6-877] and exenatide once weekly.[@b133-ijgm-6-877] In both analyses, treatment with either agent resulted in improved blood pressure and lipid profiles, regardless of baseline age, sex, race, duration of diabetes, or body mass index. Meta-analyses of clinical trial data for the DPP-4 inhibitors saxagliptin and linagliptin suggest that these drugs are also associated with a decreased cardiovascular risk.[@b134-ijgm-6-877] Cardiovascular outcomes trials are needed to confirm whether treatment with DPP-4 inhibitors or GLP-1 receptor agonists will result in long-term reductions in cardiovascular risk and improved patient outcomes. In addition, to satisfy criteria outlined in the December 2008 "Guidance for Industry: Diabetes Mellitus -- Evaluating Cardiovascular Risk in New Antidiabetic Therapies to Treat Type 2 Diabetes," the FDA has requested additional cardiovascular safety data as part of the clinical development program for any new type 2 antidiabetic therapy.[@b135-ijgm-6-877]

Acute pancreatitis has been reported in patients treated with exenatide,[@b136-ijgm-6-877] liraglutide,[@b74-ijgm-6-877] and sitagliptin,[@b137-ijgm-6-877] raising the concern that there may be a mechanism-based association between pancreatitis and incretin therapies. In a retrospective analysis of the FDA's voluntary adverse event reporting database, pancreatitis was found to be reported over six-fold more frequently for either sitagliptin or exenatide therapy compared with four other diabetes therapies (rosiglitazone, nateglinide, repaglinide, and glipizide).[@b138-ijgm-6-877] A broader retrospective analysis of PubMed articles performed by Drucker et al concludes that preclinical studies do not support an increase in the rate or severity of pancreatitis with exenatide, liraglutide, or sitagliptin treatment and that, overall, retrospective case studies do not link incretin therapies to pancreatitis.[@b139-ijgm-6-877] In two retrospective analyses of different health insurance claims databases, the risks of pancreatitis for patients who initiated exenatide or sitagliptin were found to be comparable with those for patients who initiated either metformin or glyburide[@b140-ijgm-6-877] and for patients who initiated either a sul-fonylurea, biguanide, or thiazolidinedione.[@b141-ijgm-6-877] Longer-term, prospective, controlled trials are needed to assess whether a clear association exists between pancreatitis and these incretin therapies.[@b77-ijgm-6-877],[@b142-ijgm-6-877] Warnings of the high incidences of acute pancreatitis are included in the most current prescribing information for exenatide twice daily,[@b53-ijgm-6-877] exenatide once weekly,[@b52-ijgm-6-877] sitagliptin,[@b105-ijgm-6-877] and liraglutide;[@b54-ijgm-6-877] discontinuation of treatment is recommended if pancreatitis is suspected. Prescribing information for exenatide twice daily[@b53-ijgm-6-877] and exenatide once weekly[@b52-ijgm-6-877] states that other antidiabetic therapies should be considered in patients with a history of pancreatitis.

The risk of thyroid cancer is another safety concern that has been raised with incretin therapies. In preclinical studies of liraglutide, an increase in the formation of thyroid tumors was observed in animal models.[@b77-ijgm-6-877] A retrospective analysis of the FDA's adverse event reporting database examined the frequency of reported adverse events of thyroid cancer with two other incretin therapies, exenatide and sitagliptin, compared with rosiglitazone.[@b138-ijgm-6-877] Thyroid cancer was reported significantly more often in the exenatide group compared with the rosiglitazone group (odds ratio 4.73; *P*=4×10^−3^) but not in the sitagliptin group (odds ratio 1.48; *P*=0.65). As with the risk of pancreatitis, further studies assessing the risk of thyroid cancer and its association with incretin therapies are warranted.

Conclusion
==========

Current treatment guidelines for type 2 diabetes mellitus emphasize the importance of controlling postprandial hyperglycemia to optimize glycemic control,[@b50-ijgm-6-877],[@b51-ijgm-6-877] which may result in a lower risk of cardiovascular morbidity and mortality. GLP-1 receptor agonists and DPP-4 inhibitors both reduce postprandial hyperglycemia and may be particularly beneficial for patients early in the progression of diabetes. Results of recent clinical studies suggest that GLP-1 receptor agonists may provide greater benefit than DPP-4 inhibitors in this regard. Both GLP-1 receptor agonists and DPP-4 inhibitors could become a valuable alternative to rapid-acting insulins, by helping to optimize glycemic control in patients unable to achieve HbA~1c~ goals with basal insulin, with the added benefits of weight loss and a low risk of hypoglycemia.
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![Relationship between increases in HbA~1c~ levels and increases in fasting and 2-hour postprandial glucose levels in 175 volunteers with normal glucose tolerance, impaired glucose tolerance, or type 2 diabetes mellitus.\
**Abbreviation:** HbA~1c~, glycated hemoglobin.](ijgm-6-877Fig1){#f1-ijgm-6-877}

![Cell mechanism linking impaired glucose utilization in type 2 diabetes and cardiovascular disease. Insulin signal transduction in individuals with normal glucose tolerance (**A**) and with type 2 diabetes (**B**). Insulin signaling through IRS-1 is impaired in type 2 diabetes, leading to decreased glucose transport/phosphorylation/metabolism and impaired NOS activation/endothelial function. Insulin resistance in the IRS-1/PI-3 kinase pathway results in compensatory hyperinsulinemia, excessive stimulation of the MAP kinase pathway, and subsequent inflammation, cell proliferation, and atherogenesis.\
**Abbreviations:** IRS-1, insulin-receptor substrate 1; NOS, nitric oxide synthase; PI-3, phosphoinositide 3; MAP, mitogen-activated protein; SHC, Src-homology collagen.](ijgm-6-877Fig2){#f2-ijgm-6-877}

![Comparison of GLP-1 agonists and DPP-4 inhibitors.](ijgm-6-877Fig3){#f3-ijgm-6-877}

###### 

PPG outcomes as monotherapy: placebo-controlled trials published from 2008 to October 2012

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Drug                            Baseline demographics   Treatments   PPG outcome                                                                                                                                      
  ------------------------------- ----------------------- ------------ ---------------------------------------------------------- ------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **GLP-1 analogs**                                                                                                                                                                                                     

  Exenatide[@b58-ijgm-6-877]      96                      36/60        55 (10)                                                    • Exenatide 5 μg bid\                                                                 Mean PPG at week 24 decreased to a greater extent with exenatide plus lifestyle modification versus placebo plus lifestyle modification (*P*\<0.0001 for midday meal)
                                                                                                                                  • Matching placebo                                                                    

  Exenatide[@b59-ijgm-6-877]      232                     130/102      54 (10)                                                    • Exenatide 5 or 10 μg bid\                                                           Mean decreases from baseline to week 24 in morning, evening, and daily PPG\[E\] significant with both doses of exenatide versus placebo (*P*≤0.002); however, no difference between either dose versus placebo for midday PPG\[E\]
                                                                                                                                  • Matching placebo                                                                    

  Liraglutide[@b72-ijgm-6-877]    18                      14/4         59 (7)                                                     • Liraglutide 0.6, 1.2, and 1.8 mg qd\                                                Mean decreases in PPG levels at steady-state significant with all three liraglutide doses versus placebo (*P*\<0.001), except for iAUC~0--5h~/5 hours after the lowest dose[a](#tfn1-ijgm-6-877){ref-type="table-fn"}
                                                                                                                                  • Matching placebo                                                                    

  Liraglutide[@b73-ijgm-6-877]    • 0.1 mg, 45\           • 31/14\     • 57 (8)\                                                  • Liraglutide 0.1, 0.3, 0.6, or 0.9 mg qd\                                            Mean decreases in PPG AUC from baseline to week 14 greater with all liraglutide doses versus placebo (*P*\<0.0001 for linear contrast)\
                                  • 0.3 mg, 46\           • 32/14\     • 57 (9)\                                                  • Matching placebo                                                                    Reductions in mean 1-hour, 2-hour, and 3-hour PPG seen with all liraglutide doses, except for 1-hour PPG with the lowest dose
                                  • 0.6 mg, 45\           • 28/17\     • 60 (7)\                                                                                                                                        
                                  • 0.9 mg, 44            • 31/13      • 56 (8)                                                                                                                                         

  Lixisenatide[@b84-ijgm-6-877]   • 2-step, 120\          • 63/57\     • 53 (10)\                                                 • Lixisenatide 2-step titration (10/15/20 μg qd) or 1-step titration (10/20 μg qd)\   Mean decreases in 2-hour PPG from baseline to week 12 were significant with lixisenatide 2-step and 1-step titration versus placebo (95% CIs −5.38 to −2.35 mmol/L and −6.29 to −3.36 mmol/L, respectively; both *P*\<0.0001)
                                  • 1-step, 119           • 63/56      • 54 (11)                                                  • Matching placebo 2-step or 1-step titration                                         

  Albiglutide[@b88-ijgm-6-877]    • 9 mg, 14\             • 9/5\       • 60 (46--71)[b](#tfn2-ijgm-6-877){ref-type="table-fn"}\   • Albiglutide 9, 16, or 32 mg qd (2 days)\                                            Significant reductions in 4-hour PPG observed with all doses of albiglutide from day 2 to day 9
                                  • 16 mg, 12\            • 8/4\       • 56 (45--65)[b](#tfn2-ijgm-6-877){ref-type="table-fn"}\   • Matching placebo                                                                    
                                  • 32 mg, 14             • 7/7        • 55 (30--69)[b](#tfn2-ijgm-6-877){ref-type="table-fn"}                                                                                          

  **DPP-4 inhibitors**                                                                                                                                                                                                  

  Sitagliptin[@b111-ijgm-6-877]   • 25 mg, 80\            • 51/29\     • 60 (8)\                                                  • Sitagliptin 25, 50, 100, or 200 mg qd\                                              Mean decreases from baseline to week 12 in 2-hour PPG significant with all doses of sitagliptin versus placebo (all *P*\<0.001)
                                  • 50 mg, 72\            • 47/25\     • 60 (9)\                                                  • Matching placebo                                                                    
                                  • 100 mg, 70\           • 36/34\     • 58 (10)\                                                                                                                                       
                                  • 200 mg, 68            • 40/28      • 61 (8)                                                                                                                                         

  Sitagliptin[@b143-ijgm-6-877]   102                     48/54        72 (6)                                                     • Sitagliptin 50 or 100 mg qd\                                                        Mean decreases from baseline to week 24 in 2-hour PPG significant with sitagliptin versus placebo (*P*\<0.001)
                                                                                                                                  • Matching placebo                                                                    

  Sitagliptin[@b110-ijgm-6-877]   151                     95/56        55 (8)                                                     • Sitagliptin 100 mg qd\                                                              Mean decrease from baseline to week 12 in 2-hour PPG significant with sitagliptin versus placebo (*P*\<0.001)
                                                                                                                                  • Matching placebo                                                                    

  Saxagliptin[@b109-ijgm-6-877]   • 2.5 mg, 102\          • 58/44\     • 53 (10)\                                                 • Saxagliptin 2.5, 5, or 10 mg qd\                                                    Mean decreases from baseline to week 24 in 2-hour PPG and PPG AUC significantly greater with saxagliptin versus placebo (*P*≤0.0007), except for PPG AUC for the lowest dose (for which statistical testing was not performed as part of the prespecifed close sequential test procedure)
                                  • 5 mg, 106\            • 54/52\     • 54 (12)\                                                 • Matching placebo                                                                    
                                  • 10 mg, 98             • 45/53      • 53 (11)                                                                                                                                        

  Saxagliptin[@b144-ijgm-6-877]   284                     160/124      51 (10)                                                    • Saxagliptin 5 mg qd\                                                                In drug-naive Asian patients, mean decreases from baseline to week 24 in 180-minute PPG AUC were significant for saxagliptin versus placebo (*P*=0.0010)
                                                                                                                                  • Matching placebo                                                                    

  Alogliptin[@b126-ijgm-6-877]    56                      24/32        56 (9)                                                     • Alogliptin 25, 100, or 400 mg qd\                                                   Mean decreases from baseline to day 14 in 4-hour PPG significant with all three doses of alogliptin versus placebo after breakfast, lunch, and dinner (all *P*≤0.017)
                                                                                                                                  • Matching placebo                                                                    

  Alogliptin[@b127-ijgm-6-877]    480                     345/135      59 (10)                                                    • Alogliptin 6.25, 12.5, 25, or 50 mg qd\                                             Mean decrease from baseline to week 12 in PPG AUC significant for all four doses of alogliptin versus placebo and for the two highest doses versus voglibose (*P*-values not specified)
                                                                                                                                  • Matching placebo\                                                                   
                                                                                                                                  • Voglibose 0.2 mg tid                                                                

  Linagliptin[@b108-ijgm-6-877]   503                     243/260      56 (10)                                                    • Linagliptin 5 mg qd\                                                                Mean decrease from baseline to week 24 in 2-hour PPG levels significant with linagliptin versus placebo (*P*\<0.0001)
                                                                                                                                  • Matching placebo                                                                    

  Linagliptin[@b145-ijgm-6-877]   77                      72/5         62 (40--69)[c](#tfn3-ijgm-6-877){ref-type="table-fn"}      • Linagliptin 2.5, 5, or 10 mg qd\                                                    Mean decrease from baseline to day 29 in 2-hour PPG and PPG AUC significant with all three doses of linagliptin versus placebo (*P*\<0.025)
                                                                                                                                  • Matching placebo                                                                    

  Dutogliptin[@b128-ijgm-6-877]   • 200 mg, 174\          • 93/81\     • 53 (10)\                                                 • Dutogliptin 200 mg or 400 mg qd\                                                    Mean decreases in 2-hour PPG from baseline to week 12 were significantly greater with both doses of dutogliptin versus placebo (both *P*≤0.032)
                                  • 400 mg, 162           • 87/75      • 53 (10)                                                  • Matching placebo                                                                    
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Notes:**

Average incremental increase, calculated as the AUC over the fasting value from time 0 to 5 hours

mean age (range), years

median age (range), years.

**Abbreviations:** AUC, area under the curve; BID, twice daily; CI, confidence interval; DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-1; PPG\[E\], postprandial glucose \[excursion\]; qd, once daily; SD, standard deviation; tid, three times daily.

###### 

PPG outcomes as add-on to metformin: selected trials published from 2008 to October 2012

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Drug                                                Baseline demographics             Treatments    PPG outcome                                                                                                    
  --------------------------------------------------- --------------------------------- ------------- ------------- ------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **GLP-1 analogs**                                                                                                                                                                                                  

  Exenatide[@b60-ijgm-6-877]                          234                               48%/52%       55 (9)        • Exenatide 5 μg bid for 4 weeks and 10 μg bid for 12 weeks\                                     Mean decrease in morning, midday, and evening PPGE at week 16 significant for exenatide plus metformin versus placebo plus metformin (*P*\<0.001)
                                                                                                                    • Matching placebo                                                                               

  Exenatide[@b61-ijgm-6-877],[@b62-ijgm-6-877]        • Exenatide, 205\                 • 55%/45%\    • 59 (9)\     • Exenatide 5 μg bid for 4 weeks and then 10 μg bid, with titration up to 20 μg tid if needed\   Mean decrease in PPG AUC at weeks 26 and 52 significant for exenatide plus metformin versus insulin glargine plus metformin (*P*\<0.001)
                                                      • Insulin glargine, 209           • 55%/45%     • 57 (10)     • Insulin glargine 10 U qd followed by self-adjusted dosing                                      

  Exenatide[@b63-ijgm-6-877]                          30                                11/19         53 (11)       • Exenatide 5 μg bid for 1 week and 10 μg bid for 1 week\                                        Mean morning, midday, and evening 2-hour PPG at week 2 significantly lower for exentatide plus metformin versus placebo plus metformin (*P*≤0.001)
                                                                                                                    • Matching placebo                                                                               

  Lixisenatide[@b79-ijgm-6-877]                       • 5 μg qd, 55\                    • 26/29\      • 57 (8)\     • Lixisenatide 5, 10, 20, or 30 μg qd or bid\                                                    Mean decreases in morning 2-hour PPG at week 13 significant for all doses of lixisenatide plus metformin versus placebo plus metformin (*P*\<0.01 except for lowest dose given qd or bid \[*P*\<0.05\])
                                                      • 10 μg qd, 52\                   • 31/21\      • 55 (9)\     • Matching placebo                                                                               
                                                      • 20 μg qd, 55\                   • 28/27\      • 55 (10)\                                                                                                     
                                                      • 30 μg qd, 54\                   • 27/27\      • 57 (9)\                                                                                                      
                                                      • 5 μg bid, 53\                   • 25/28\      • 57 (8)\                                                                                                      
                                                      • 10 μg bid, 56\                  • 29/27\      • 56 (8)\                                                                                                      
                                                      • 20 μg bid, 54\                  • 20/34\      • 57 (8)\                                                                                                      
                                                      • 30 μg bid, 54                   • 23/31       • 55 (9)                                                                                                       

  **DPP-4 inhibitors**                                                                                                                                                                                               

  Sitagliptin[@b146-ijgm-6-877]                       • Sitagliptin, 248\               • 142/106\    • 58 (9)\     • Sitagliptin 100 mg qd\                                                                         Mean decrease from baseline to year 2 in PPG AUC seen with sitagliptin plus metformin but not glipizide plus metformin
                                                      • Glipizide, 256                  • 161/95      • 57 (9)      • Glipizide 5 mg qd                                                                              

  Saxagliptin[@b147-ijgm-6-877]                       93                                49/44         55 (9)        • Saxagliptin 5 mg qd\                                                                           Mean decreases from baseline to week 4 in 2-hour and 4-hour PPG (evening meal) significant with saxagliptin plus metformin versus placebo plus metformin (*P*≤0.0010)
                                                                                                                    • Matching placebo                                                                               

  Saxagliptin[@b113-ijgm-6-877]                       • 2.5 mg, 192\                    • 83/109\     • 55 (10)\    • Saxagliptin 2.5, 5, or 10 mg qd\                                                               Mean decreases from baseline to week 24 in 2-hour PPG and PPG AUC significant with all doses of saxagliptin plus metformin versus placebo plus metformin (*P*≤0.0001)
                                                      • 5 mg, 191\                      • 103/88\     • 55 (10)\    • Matching placebo                                                                               
                                                      • 10 mg, 181                      • 95/86       • 54 (10)                                                                                                      

  Saxagliptin[@b148-ijgm-6-877]                       • Saxagliptin + metformin, 138\   • 57/81\      • 55 (9)\     • Saxagliptin 5 mg + metformin XR 1500 mg qd\                                                    Mean decreases from baseline to week 18 in 2-hour PPG significant with saxagliptin plus metformin XR 1,500 mg versus metformin XR 2,000 mg (*P*=0.0013)
                                                      • Metformin, 144                  • 73/71       • 56 (10)     • Metformin XR 2000 mg qd                                                                        

  Vildagliptin[@b122-ijgm-6-877],[@b149-ijgm-6-877]   2,789                             1,490/1,299   57 (9)        • Vildagliptin 50 mg bid\                                                                        Mean decrease from baseline to year 2 in PPG AUC similar with vildagliptin plus metformin and glimepiride plus metformin
                                                                                                                    • Glimepiride 6 mg qd                                                                            

  Linagliptin[@b112-ijgm-6-877]                       700                               379/321       57 (10)       • Linagliptin 5 mg qd\                                                                           Mean decrease from baseline to week 24 in 2-hour PPG levels significant with linagliptin plus metformin versus placebo plus metformin (*P*\<0.0001)
                                                                                                                    • Matching placebo                                                                               
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** AUC, area under the curve; bid, twice daily; DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-1; PPG\[E\], postprandial glucose \[excursion\]; qd, once daily; SD, standard deviation; tid, three times daily; XR, extended release.

###### 

PPG outcomes as add-on to a sulfonylurea: trials published from 2008 to October 2012

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Drug                                               Baseline demographics               Treatments   PPG outcome                                                      
  -------------------------------------------------- ----------------------------------- ------------ ------------- -------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **GLP-1 analogs**                                                                                                                                                    

  Liraglutide[@b75-ijgm-6-877]                       264                                 169/95       60 (10)       • Liraglutide 0.6 or 0.9 mg qd\                    Mean decreases from baseline to week 24 in PPG AUC significant with both liraglutide doses versus placebo (*P*\<0.0001), as add-on to glibenclamide, glicazide, or glimeprimide
                                                                                                                    • Matching placebo                                 

  **DPP-4 inhibitors**                                                                                                                                                 

  Saxagliptin[@b115-ijgm-6-877],[@b116-ijgm-6-877]   • 2.5 mg, 248\                      • 113/135\   • 55 (10)\    • Saxagliptin 2.5 or 5 mg qd\                      Mean decreases from baseline to week 24 in 2-hour PPG and PPG AUC significant with saxagliptin plus uptitrated glyburide versus placebo plus uptitrated glyburide (*P*\<0.0001); updated data at week 76 data were consistent with those at week 24
                                                     • 5 mg, 253                         • 110/143    • 55 (10)     • Matching placebo                                 

  Vildagliptin[@b123-ijgm-6-877]                     • Vildagliptin + glimepiride, 85\   • 43/42\     • 58 (5)\     • Vildagliptin 50 mg bid + glimepiride 2 mg tid\   Mean decreases from baseline to months 9 and 12 in PPG were significant in both groups, with no significant differences between groups
                                                     • Vildagliptin + pioglitazone, 83   • 42/41      • 59 (6)      • Vildagliptin 50 mg bid + pioglitazone 30 mg qd   

  Vildagliptin[@b124-ijgm-6-877]                     • 50 mg qd, 132\                    • 78/54\     • 59 (11)\    • Vildagliptin 50 mg qd or bid\                    Mean decreases from baseline to week 24 in PPG\[E\] significant for vildagliptin 50 mg plus glimepiride versus placebo plus glimepiride (*P*=0.008; significance not reached for 100 mg dose versus placebo \[*P*=0.085\])
                                                     • 50 mg bid, 132                    • 79/53      • 58 (11)     • Matching placebo                                 
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** AUC, area under the curve; bid, twice daily; DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-1; PPG\[E\], postprandial glucose \[excursion\]; qd, once daily; SD, standard deviation; tid, three times daily.

###### 

PPG outcomes as add-on to insulin: trials published from 2008 to October 2013

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Drug                            Baseline demographics   Treatments   PPG outcome                              
  ------------------------------- ----------------------- ------------ ------------- -------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **GLP-1 analogs**                                                                                             

  Exenatide[@b64-ijgm-6-877]      137                     70/67        59 (9)        • Exenatide 10 μg bid\     Mean decrease from baseline to week 30 in morning and evening 2-hour PPG significant with exenatide plus insulin glargine versus placebo plus insulin glargine (*P*\<0.001); however, no significant difference in midday 2-hour PPG
                                                                                     • Matching placebo         

  Lixisenatide[@b80-ijgm-6-877]   495                     228/267      57 (10)       • Lixisenatide 20 μg qd\   Mean decrease from baseline to week 24 in 2-hour postbreakfast PPG significant with lixisenatide plus basal insulin ± metformin versus placebo plus basal insulin ± metformin (*P*\<0.0001)
                                                                                     • Matching placebo         

  Lixisenatide[@b85-ijgm-6-877]   154                     69/85        59 (10)       • Lixisenatide 20 μg qd\   Mean decrease from baseline to week 24 in 2-hour PPG significant with lixisenatide plus basal insulin ± sulfonylurea versus placebo plus basal insulin ± sulfonylurea (*P*\<0.0001)
                                                                                     • Matching placebo         

  **DPP-4 inhibitors**                                                                                          

  Sitagliptin[@b119-ijgm-6-877]   322                     157/165      58 (9)        • Sitagliptin 100 mg qd\   Mean decrease from baseline to week 24 in 2-hour PPG significant with sitagliptin plus insulin ± metformin versus placebo plus insulin ± metformin (*P*≤0.001)
                                                                                     • Matching placebo         

  Saxagliptin[@b117-ijgm-6-877]   304                     120/184      57 (9)        • Saxagliptin 5 mg qd\     Mean decrease from baseline to week 24 in 180-minute and 120-minute PPG significant with saxagliptin plus insulin ± metformin versus placebo plus insulin ± metformin (*P*=0011 and *P*=0.0016, respectively)
                                                                                     • Matching placebo         
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** AUC, area under the curve; bid, twice daily; DPP-4, dipeptidyl peptidase-4; GLP-1, glucagon-like peptide-1; PPG, postprandial glucose; qd, once daily; SD, standard deviation; tid, three times daily.
